analysis of a drc1 ϩ /drc1::kan r diploid (data not shown). CDKs are thought to activate one or more replication A mutagenesis protocol was used to isolate drc1 temfactors, but the identities of these proteins are unperature-sensitive alleles. These mutants arrested diviknown. Here we describe fission yeast Drc1, a protein sion as elongated cells ( Figure 1C ), although at later required for DNA replication that is phosphorylated time points abnormal mitotic divisions were evident. Apby Cdc2. Drc1 depletion leads to catastrophic mitotic proximately 18% of drc1-1 and drc1-2 cells had a subdivisions with incompletely replicated DNA, indicating 2C DNA content at the permissive temperature of 25ЊC that Drc1 is required for DNA synthesis and S-M repli-( Figure 1D ). This value increased to ‫%52ف‬ after 3 hr cation checkpoint control. Drc1 associates with Cdc2 incubation at restrictive temperature (36.5ЊC) but did not and is phosphorylated at the onset of S phase when increase further upon longer incubation ( Figure 1D ). We Cdc2 is activated. Mutant Drc1 that lacks CDK phosalso investigated whole chromosomes by pulsed-field phorylation sites is nonfunctional and fails to interact gel electrophoresis (PFGE) analysis ( Figure 1E ). This with Cut5 replication factor. These data suggest that analysis showed that chromosomes from drc1-1 and Cdc2 promotes DNA replication by phosphorylating drc1-2 cells had a reduced capacity to enter the gel at Drc1 and regulating its association with Cut5.
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both permissive and restrictive temperature ( Figure 1E ). These findings were consistent with the idea that drc1-1 Results and Discussion and drc1-2 cells had a higher proportion of partially replicated chromosomes, indicative of a defect in proGenome duplication is precisely regulated by CDKs, gression through S phase. which bring about the onset of S phase by activating
We suspected that drc1-1 and drc1-2 alleles were not replication origins and then prevent relicensing of orifully defective at restrictive temperature. To investigate gins until mitosis is completed [ Division arrest caused by overexpression of a DNA lated GST-Drc1 was detected as a diffuse series of bands, indicating that GST-Drc1 was phosphorylated at replication factor might occur through activation of the S-M DNA replication checkpoint or the DNA damage several positions ( Figure 3B ). To evaluate if GST-Drc1 was phosphorylated by associated Cdc2, GST-Rum1 checkpoint [17] . These checkpoints inhibit Cdc2 by controlling Cdc25 and Mik1, enzymes that regulate the inwas expressed in bacteria and added to the kinase assay [20] . Rum1 inhibits Cdc2 in vivo and is phosphoryhibitory tyrosine-15 phosphorylation on Cdc2 [18] . To understand how GST-Drc1 expression arrests division, lated by Cdc2 in vivo and in vitro [21] . GST-Rum1 was extensively phosphorylated when incubated with GST-GST-Drc1 was expressed from a multicopy plasmid in several checkpoint mutants. These strains were defecDrc1 complex ( Figure 3B ), consistent with studies showing that Rum1 is a Cdc2 substrate. GST-Rum1 substantive for the DNA damage checkpoint kinase Chk1, the replication checkpoint kinase Cds1, or the Rad3 checktially decreased phosphorylation of GST-Drc1 in vitro ( Figure 3B ). These findings provided strong evidence point kinase that controls both Chk1 and Cds1 [18] . GST-Drc1 overexpression arrested cell division with that GST-Drc1 coprecipitates with active Cdc2. Having garnered evidence that active Cdc2 associvery similar kinetics in wild-type and all the checkpoint mutant strains (Figures 2C and 2D) . GST-Drc1 overexates with Drc1 in vivo and Drc1 is phosphorylated by coprecipitated Cdc2, we explored whether Drc1 phospression therefore inhibits mitosis by a mechanism that does not require checkpoints.
phorylation correlated with the onset of S phase, the point in the cell cycle at which Cdc2 is first activated GST-Cdc18 is thought to be able to inhibit mitosis by binding to Cdc2 [10, 17, 19] . We investigated if GST- [22, 23] . Genomic drc1 ϩ was modified to encode a protein with the 13myc epitope tag at its C terminus. These Drc1 arrested division by a similar mechanism. Cdc2 and the B-type cyclins Cdc13 and Cig2 coprecipitated cells had a normal growth rate and were not elongated, indicating that the 13myc tag did not substantially alter with GST-Drc1 expressed in fission yeast ( Figure 3A) . To confirm that active Cdc2 associated with GST-Drc1, Drc1 function. Immunofluorescence microscopy detected Drc1-13myc as a nuclear protein in cells at all GST-Drc1 complex was incubated with 32 P-ATP in kinase assay buffer. This assay resulted in extensive stages of the cell cycle ( Figure 3C ). The cdc10-M17 mutation was used to synchronize cells at the G 1 -S phosphorylation of GST-Drc1 ( Figure 3B ). Phosphory- be formally excluded that the CD5A mutations affect conformational changes that occur as the result of phosappears to be phosphorylated in G1 phase, presumably by a protein kinase other than Cdc2, and then Drc1 is phorylations at other positions. The most straightforward interpretation of the data is that CD5A mutations additionally phosphorylated during S phase when Cdc2 is activated. eliminate sites phosphorylated by Cdc2. These findings provided strong evidence that Cdc2 To address further whether Drc1 is an in vitro substrate of Cdc2, we expressed the middle portion of Drc1 phosphorylates Drc1 at the onset of S phase. To evaluate the functional importance of these phosphoryla-(Drc1M) that contains the CDK consensus sites as a GST fusion protein in bacteria and performed kinase tions, each of the single phosphorylation site mutants and Drc1 CD5A were expressed in the drc1::kan r strain assays with immunoprecipitated Cdc2. GST-Drc1M was readily phosphorylated by Cdc2 ( Figure 4A) . A large fractransformed with a plasmid that had drc1 ϩ and the counterselectable TK marker. Drc1 CD5D and Drc1 CD5E contion of the phosphorylated GST-Drc1M migrated with reduced electrophoretic mobility. At least three distinct structs were also expressed in this strain, because charged amino acids such as aspartic acid (D) and gluforms of slower mobility GST-Drc1M were detected, indicating phosphorylation at multiple sites. To determine tamic acid (E) can sometimes partially mimic phosphorylated serine or threonine. All of the single mutant forms of if the CDK motifs were required for Drc1 phosphorylation, the threonine or serine codons corresponding to Drc1 rescued drc1::kan r ( Figure 4C ). In contrast, Drc1 CD5A failed to complement the drc1::kan r mutation ( Figure  T60 , T74, S87, T99, and T154 were mutated to alanine to form the GST-Drc1M CD5A construct. Cdc2 phosphory-4C). Loss of the plasmid containing drc1 ϩ in the drc1::kan r drc1-CD5A strain generated elongated and lated GST-Drc1M
CD5A
, but the slower mobility forms of GST-Drc1M CD5A were not generated ( Figure 4A ). Cdc2 cut cells that were similar to those observed in the Drc1 depletion experiment (data not shown). The ability of did not phosphorylate GST, hence phosphorylation of GST-Drc1M CD5A probably occurred on the S/T-P sites in Drc1 CD5A to rescue drc1-1 and drc2-2 temperature-sensitive mutations was also tested by transforming these the Drc1 portion of the fusion protein. These findings Cdc2 is activated at the G1-S transition, it phosphorylates multiple CDK consensus motifs in the middle region of Drc1. These phosphorylations promote interac-
